The sequences of 50 RNA-dependent RNA polymerases (RDRPs) from 43 positive strand and 7 double strand RNA (dsRNA) viruses have been compared. The alignment permitted calculation of distances among the 50 viruses and a resultant dendrogram based on every amino acid, rather than just those amino acids in the conserved motifs. Remarkably, a large subgroup of these viruses, Including vertebrate, plant, and insect viruses, forms a single cluster whose only common characteristic is exploitation of insect hosts or vectors. This similarity may be due to molecular constraints associated with a present and/or past ability to Infect insects and/or to common descent from Insect viruses. If common descent is important, as it appears to be, all the positive strand RNA viruses of eucaryotes except for the picornaviruses may have evolved from an ancestral dsRNA virus. Viral RDRPs appear to be inherited as modules rather than as portions of single RNA segments, implying that RNA recombination has played an important role In their dissemination.
INTRODUCTION
The evolution of RNA-dependent RNA polymerases (RDRPs) is of great interest, since these are probably among the first enzymes. They are also encoded by all known non-satellite RNA viruses, except the retroviruses, in which they appear in the metamorphosis of the reverse transcriptase (1) . They are thus the best ruler for molecular taxonomy of the RNA viruses. Although the secondary and tertiary structure of none of these is known, many primary structures have been deduced from genomic sequences. The RDRPs of several positive strand viruses were first identified by sequence similarity to the known poliovirus polymerase by Kamer and Argos (2) . One conserved motif, with a glycine-aspartic-aspartic (GDD) motif, was also noted in Qb replicase and in the reverse transcriptases of the retroviruses. The availability of many more sequences of RNA viral genomes has enabled a number of investigators to identify several conserved motifs in the RDRPs of positive strand, negative strand, and double-strand RNA viruses (1, 3, 4, 5, 6, 7, 8, 9) and in the reverse transcriptases (1, 5) . Most of the RDRP motifs have, in fact, been identified by primary sequence similarity with the known poliovirus RDRP, although there is genetic evidence identifying the RDRP coding sequences of the segmented positive strand and dsRNA viruses (10, 11, 12, 13) and biochemical evidence identifying some of the dsRNA RDRP coding motifs as well (14, 15) .
In a general sense, the genomic organization and replication strategy of the RNA viruses is reflected in the similarities among their polymerases. The positive strand viruses form one easily recognized class, the dsRNA viruses another, the negative strand RNA viruses a third, and the retroviruses a fourth (1) . Comfortingly, this follows the general practice of viral taxonomy, which is to assign viruses to classes based primarily on genome structure, as well as on morphology, host range, and mode of infection (16) . The positive strand and the dsRNA viruses are recognizably similar in RDRP sequence, whereas the negative strand RNA viruses and retroviruses are both distinctly different (1; this work). This corresponds with suggestions that RNA viruses represent several independent lines of evolution (17) .
Since Kamer and Argos (2) , all of the sequence comparisons have been limited to several conserved motifs. In contrast, the present comparison is of the entire sequences of a set of the known RDRPs throughout their most conserved region, the carboxyterminal 200 amino acids. The sequences chosen are 50 representative sequences, including 43 positive strand RNA virus RDRPs and all 7 of the dsRNA virus RDRPs available. Mutational distances for each pairwise combination have been calculated and a dendrogram constructed for this group of 50 viruses. Alignment of the reverse transcriptases and the RDRPs of the negative strand RNA viruses is outside the scope of the present work.
While 'Virus taxonomy at its present stage has no evolutionary or phylogenetic implications', (16) describing evolutionary relationships should clearly be the goal of the field. The dendrogram constructed here reflects both the similiarities among positive strand and dsRNA viruses due to homology (common descent) and homoplasy (convergent and parallel evolution). If shared ancestry accounts for the largest proportion of the observed similarity in the alignments, much of present taxonomy may be rooted in real evolutionary relationships. There are exceptions. For instance, hepatitis A virus is not an enterovims; in fact, it probably belongs to a new genus of picornavirus. The flaviviruses and alphaviruses should not be in the same family. In general, the relationships among RDRPs follow the division of procaryotic and eucaryotic host, but not the separation of plant, animal, and fungal cells. One large cluster of viruses includes those that infect plants, vertebrates, ami/or insects. This may be the result of specialization of insect viruses to infect host species on which insects are pathogens. All the positive strand RNA viruses of this supergroup may have evolved from an ancestral dsRNA virus.
RESULTS

Conserved motifs
The 50 viruses chosen and their abbreviations are listed in Table  1 . The alignment of the 50 RDRPs is shown in Fig. 1 . Alignment of very similar RDRPs, such as those of Yfv and Wnv, ScV-Ll and ScV-La, the picornaviruses, or Sinv and Tmv was performed by the program GAP (18). Less similar classes were then aligned by eye, preserving the alignment of the 21 most highly conserved residues and the 8 conserved motifs. The first four of these motifs: the acidic motif beginning at position 1 (motif 1), the SG.T motif about position 100 (motif 2), the GDD motif around position 160 (motif 3), and the basic motif around position 280 (motif 4) have all been noted previously (1) , and the first three of these were also identified independently within the plant viruses (6) . Motif 5 has a consensus sequence FCG at position 303 and is the same as motif IV of Habili and Symons (6) . Motif 6 has the consensus LKR at position 381; motif 7 is a basic sequence preceded by an aromatic residue at position 480; and motif 8 is an aromatic residue preceded by a basic sequence at position 514. These last three motifs have not been identified before, although some are evident in the original Kamer and Argos alignment (2). The conserved region of the viral RDRP corresponds well to the region of Qb replicase required for enzymatic activity as determined by in vitro mutagenesis and expression of cDNA clones (67) . The conserved region begins 104 amino acids Cterminal to the most N-terminal lethal mutation in Qb replicase (outside its dispensable N-terminal region) and ends 3 amino acids after the most C-terminal lethal mutation mapped (67) .
Alignment of proteins with little sequence similarity is bound to be somewhat arbitrary, but some of the conserved domains demonstrated in Fig. 1 are similar to those of other investigators. The first four motifs are those of Poch et al (1) , in which 1 is A, 2 is B, etc. The alignment at motif 5 is the same as that of all the plant viruses at motif IV of Habili and Symons (6), except for that of Tbrv and Cpmv, which are aligned somewhat differently in this region in the scheme of Fig. 1 . Since none of the viruses in the potyvirus-like group conserve motif 5, agreement on the alignment of the RDRPs of the remaining members of this group in this region (Tvmv, Ppv, and Tev) is surprising.
The dsRNA viruses
The alignment of the dsRNA virus RDRPs followed the alignment of the ScV-Ll RDRP, in which three of the first four conserved motifs were identified previously (4, 7) . Although the original publications of the Phi6 segment L and reovirus segment LI sequences did not find similarity to other viral RDRPs (13, 57) , there is genetic evidence that these segments do encode the viral RDRPs (11, 13) . For BTV (15) and ScV-Ll (14) , there is biochemical evidence identifying the aligned regions as RDRPs. The alignments arrived at for the dsRNA viral RDRPs agree fairly well with those of Koonin et al (9) . Within the conserved motifs, even these viral RDRPs, although distinct from those from other classes, are well conserved. For instance, of the 21 most highly conserved residues, reovirus RDRP retains 17,while poliovirus RDRP retains 19. Conserved residues are those in which similarity is preserved (see Materials and Methods). The only glaring non-similarity between the dsRNA viral RDRPs and those of the positive strand viral RDRPs is the S of phi6 and the I of Ibdv in the place of G in the GDD of motif 3. This position also varies among the negative strand RNA viruses (1) . Five of the dsRNA viruses also have a region of about 50 amino acids between motifs 3 and 4 and another five have a region of 19 to 50 amino acids between motifs 5 and 6 that is missing in the positive strand RNA viruses. The fungal dsRNA viruses differ from the other dsRNA viruses in having a maximum length for both these unique regions.
The most highly conserved region of the RDRP is motif 2, beginning at the S residue at position 98 in the alignment of Fig.  1 . This region is well conserved in all of the dsRNA viral RDRPs. Each of the conserved domains has a conserved predicted secondary structure (1). The secondary structure predicted for this motif among some of the RNA polymerases at large, including only two of the dsRNA viral RDRPs, is a turn at the SG both preceded and followed by beta sheet (1) . This is precisely what is predicted for the 6 dsRNA viral RDRPs whose sequences are known in this region (Fig. 2) , in which prediction of a turn at the SG position reaches 100% (versus 50% for viral polymerases at large), and beta sheets are predicted at 50% preceding and 83% following the turn (compared to 50% and 50% for RNA viruses at large). •File names are the sequence names in the NBRF (n), Genbank (gb), or EMBL (em) databases. Accession numbers are given for those sequences without currently assigned names. The order of viruses listed is the same as that of Fig. 1 . The 'Seg.' column indicates which segment encodes the RDRP in each of the segmented viruses.
Virus classification
A dendrogram of the 50 RDRPs was drawn by applying SYSTAT (20) to the table of distances calculated by the GCG program DISTANCES (18), as described in Materials and Methods. The result is shown as Fig. 3 . In general, the clustering of similar viruses agrees with previous classification attempts using other protein sequence similarity criteria. For instance, Fmdv and Emc are closer to each other than either is to Hrvl4 or polio, in agreement with a molecular taxonomy based of the viral capsid protein vp3 (71, 72, 73 , see Discussion).
The dendrogram of Fig. 3 puts the plant viruses into three large groups. One of these corresponds to the 'Sindbis-like' group of Goldbach and Wellink (74) and includes Bnyw, Bsmv, Tmv, Trv, Almv, Bmv, and Cucmv, as well as the animal virus Mhv. This group has been labeled tobamovirus-like in Fig. 3 (see  below) . The second corresponds to the 'picornavirus-like' group of the same authors, and includes Tbrv, Cpmv, Ppv, Tvmv, and Tev. This group has been designated potyvirus-like in Fig. 3 plant viruses in the dendrogram are the same as those of Habili and Symons, except for Pvx and Tymv, which have been placed (for convenience) in the luteovirus-like group rather than the 'Sindbisvirus-like' group, although they appear as close to the flaviviruses as to the luteoviruses. This is remarkable agreement, since the dendrogram of Fig. 3 is based on RDRP similarities and the Habili and Symons classification scheme is based on the RNA helicases. Consideration of similarities solely within four conserved domains in the RDRP gives a similar result (6) .
The designations 'picornavirus-like' and 'Sindbis-like' are inappropriate for any of the plant viruses. The picornaviruses are equally distant from all the plant viruses. This corresponds to alignments arrived at by computer algorithms as well as those derived by eye. Both the GCG program GAP (18) and the RDF program (19) support this conclusion. For instance, highly similar RDRPs appear as such by GAP: Yfv and Wnv are 63% identical; ScV-Ll and ScV-La are 30% identical. Both similarities are scored as highly significant by RDF: z= 115 for the first and 18 for the second. That is, the optimum alignment of Yfv and Wnv RDRPs is matched with a value 115 times the standard deviation of the mean of the values of alignments of randomly scrambled sequences. A z value of 3-6 is considered possibly significant, 6-10 probably significant, and 10 or more highly significant. Although Sindbis has 27% identity with Tmv and a z value of 7.4, polio has only a 22% identity and a z value of less than 1 with Tev, a plant virus in the 'picornavirus-like' category. On the basis of these data, as well as the dendrogram, it is inappropriate to categorize any of the plant viruses as 'picornavirus-like.' Although the alphaviruses are more similar to the plant positive strand RNA viruses than are the picornaviruses, the dendrogram clearly places the alphaviruses equally distant from all the plant viruses. Therefore the terms potyvirus-like, in lieu of 'picornavirus-like,' and tobamoviruslike, in lieu of 'Sindbis-like,' are preferable. All of the similarities of more distant RDRPs in the dendrogram are undetectable by computer algorithms. For instance, as pointed out by Weiner and Joklik (57), the reovirus RDRP has no detectable similarity with other proteins by simple application of search programs. The dendrogram places Reo and Phi6 in the same group, but these are only 15% identical by GAP and their z value is close to zero. Nevertheless, alignment of RDRPs preserves both primary and predicted secondary structure in the conserved regions (Figs. 1 and 2) . The hydropathy plots of the Reo and Phi6 RDRPs are quite similar (not shown), lending support to their structural similarity. GAP also fails to align the conserved motifs of Reo and Phi6, even though they are obvious by eye. Consequently, a calculation of potential evolutionary distance based on an alignment made at least partially by eye may be more sensitive to distant relationships. Among such distant relationships undetectable by computer algorithms is that of Bydv to Tev (20% identity, z value less than 1). Nevertheless, the dendrogram places these closer together than either is to the picornaviruses, which seems reasonable.
There are other relationships not consistent with current classification schemes (16) . The togaviridae are not a well-defined group of viruses, since the alphaviruses are in one supergroup and the flaviviruses in another (Fig. 3) . Within the family togaviridae, the one known pestivirus (Hcv) is more similar to the flaviviruses than to the alphaviruses. These results are not surprising, since the alphaviruses and flaviviruses are grouped together solely on the basis of their common possession of a lipid envelope, and none of the classifications based on viral morphology (including capsid morphology) are supported by this or other schemes based on protein sequence similarity. For instance, Tmv (like all the plant viruses) and Sindbis are clearly similar, although Tmv has a helical capsid and Sindbis an icosahedral one. The new proposed classification scheme of the International Committee on Taxonomy of Viruses makes the Togaviridae and Flaviviradae separate families, with the pestiviruses and flaviviruses genuses within the Flaviviridae, which corresponds exactly to the dendrogram of Fig. 3 . Within the picornaviruses, Hav, which has been classified as an enterovirus, like Polio or Coxv, is equally distant from all other picornaviruses and probably belongs in a new genus.
Relationship to genome structure Clustering based on genome structure is more apparent among the more highly similar viruses. For instance, the RDRPs of the positive strand RNA viruses with three segments (Almv, Bmv, and Cucmv) are more similar to each other than they are to viruses in any other group. On the other hand, Yfv, which, like the picornaviruses, has a single RNA segment expressed as a polyprotein is clustered more closely to the luteoviruses than it is to the picornaviruses. The mode of expression of the viral RDRP is not consistent within the viral supergroups. For instance, within the luteovirus-like group, some RDRPs are thought to be produced by translational read-through of nonsense codons (Cyrv, Cnv, Mcmv, and Carmv), some by translational frame-shifts (Plrv and Bwyv), and some by processing of polyproteins (Pvx and Tymv). However, each of the subgroups based on RDRP similarity corresponds to a subgroup based on mode of expression of the RDRP (Fig. 3) . Only Bydv RDRP, probably read as a translational frame-shift, is an exception. As might be expected, RNA viruses with segmented genomes express the RDRP as a single reading frame without translational read-through or frameshifting. Tbrv is the only known exception to this rule. mechanisms are found among the dsRNA viruses (ScV-Ll) as well as among the luteoviruses; read-through mechanisms are found among the luteovirus-like group, the potyvirus-like group and the tobamovirus-like group; polyproteins are found among the luteovirus-like group, the flavivirus-like group, the potyviruslike group, the tobamovirus-like group (Bnyw and Mhv), the alphaviruses, and the picornaviruses.
Similarly, classification solely on the basis of the number of genomic segments does not correspond well to classification by RDRP similarity. Reovirus is grouped more closely to the rotaviruses than it is to Btv by RDRP similarity, although Btv and Reo have 10 segments and Rot 11. Although Tbrv and Cpmv, both with 2 viral segments, are closely grouped, they are not closely grouped to Bbv, also with 2 segments. Bsmv, with 3 segments, is more closely grouped to Tmv (with 1 segment) than to the tricornaviridae. Viruses with a single RNA segment fall into every supergroup.
Confidence in this dendrogram and the alignment on which it is based is increased by the fact that essentially the same distance matrix is generated by the carboxy-terminal 241 positions or the 104 amino terminal positions of the alignment as is generated by all 520 residues.
DISCUSSION
The most remarkable conclusion of this classification based on RDRP sequence is the grouping of all positive strand animal viruses except the picornaviruses with the plant viruses. In fact, the flaviviruses are more closely grouped to the luteoviruses than they are to the alphaviruses. The most obvious explanation for this grouping is that all six groups of viruses in this superfamily (the luteovirus-like, the flavivirus-like, the potyvirus-like, the tobamovirus-like, the alphavirus-like, and Bbv) either infect insects or have insect vectors. There are a number of exceptions to this rule: nothing is known of the transmission of Pvx and Mhv, and Hcv has no invertebrate vectors. Bnyw, Tmv, and Trv are also known not to have insect vectors. However, both Tmv and Trv can survive in a non-persistent manner in aphids and be transmitted to plants under laboratory conditions (75, 76) . Bnyw, Tmv, and Trv may have recently evolved minor coat protein modifications that interfere with insect transmission. All of the flaviviruses and alphaviruses are transmitted by or infect insects. Many of the plant viruses in this group transmitted by insects also multiply in their insect hosts (16) . There are a number of possible explanations for the clustering of RDRPs within this diverse group of RNA viruses: convergent evolution of RDRP sequences, derivation from a genomic sequence of a common host species, divergence from a common viral ancestor, and/or interviral recombination. Convergent evolution seems unlikely, since a similar classification scheme (among the plant viruses) is dictated by the sequences of RNA helicases (6) and a similar clustering of the picornaviruses is dictated by the capsid polypeptide vp3. A comparison of dendrograms for the picornaviruses constructed from the RDRP and from vp3 is shown as Fig. 4 . The two dendrograms are essentially identical, except that Hrvl4 appears more similar to Polio and Coxv by vp3 similarity than by RDRP similarity. Since it is unlikely that two or more proteins would independently, convergently evolve in such a way as to produce the same network of similarities among different viruses, divergence from a common ancestor appears the more likely explanation for the observed similarities. The rapid rate of mutation and of fixation of mutations in RNA viruses (77, 78, 79, 80, 81, 82, 83) and the ancient divergence of plant and animal cells implies that the observed similarity among viruses with insect hosts and/or vectors is a fairly recent event. It can best be explained if all of the viruses in this group originally infected insect cells and subsequently evolved to infect the hosts of insect pathogens, either plant or animal. This is similar to the conclusion reached by Goldbach and Wellink (74) for a more limited data set of 18 positive strand RNA viruses.
There is also good evidence of a significant role for interviral recombination. The lack of correlation of genomic structure or mode of expression of the viral RDRP with RDRP sequence similarities is strong evidence for recombination among the RNA viruses. The data are best explained by inheritance of the RDRP as a module, and this can take place (in nonsegmented viruses) only by recombination. Recombination by means of template switching during replication is well documented in poliovirus (84) and there is no reason not to expect it in other RNA viruses. In fact, there is growing evidence for the universality of RNA recombination, including interviral recombination (85, 86, 87, 88) . In summary, the extant sequence similarities among diverse groups of plant and animal viruses can be explained by divergence from a common ancestral insect virus and the spreading of RDRP modules among viruses by interviral recombination taking place in co-infected tissues, possibly the cells of insect vectors themselves. The absence of plant viruses from the animal virus supergroups and vice versa, with the exception of Mhv in the tobamovirus-like supergroup, may be the result of the inability of individual insect species to feed on both plants and animals. Similarly, Reanney (78) has proposed the spread of individual RNA segments in segmented RNA viruses by reassortment following co-infections in the same tissue by way of insect vectors.
The dendrogram of Fig. 3 also suggests that the positive strand RNA viruses other than the picornaviruses and the leviviruses arose from an ancestral dsRNA virus, and that viruses of procaryotes and eucaryotes diverged prior to the emergence of dsRNA viruses. This scheme differs considerably from suggestions that dsRNA viruses arose from the positive strand RNA viruses, and on more than one occasion (9) . A cladistic analysis to test this hypothesis is in progress. The sequences of the RDRPs of the plant dsRNA virus wound tumor virus, the insect dsRNA virus cytoplasmic polyhedrosis virus, the cryptic dsRNA viruses of plants (89) , and the dsRNA viruses of protozoans (90) should soon be available to enlarge the necessary data set. These sequences may also help resolve the anomaly of Btv, the only virus with an insect vector not placed in the major grouping of viruses with insect hosts or vectors.
One major exception exists to this scheme: phi6. Phi6 is more similar to the dsRNA viruses of eucaryotes than to the leviviruses. This is the only well-characterized RNA bacteriophage that is not a levivirus, of which more than 30 are known (16) . It is also unique in having a dsRNA genome and in being enveloped (91) . Its host is Pseudomonas phaseolicola, a plant pathogen (92) . Phi6 may have evolved from a plant virus by acquiring the ability to infect its bacterial pathogen, just as many positive strand RNA plant viruses and animal viruses may have evolved from the viruses of their insect pathogens. This is a suggestion made previously on the basis of the genome structure of Phi6, its uniqueness among RNA bacteriophages and its restricted distribution, with a single host species (78) . Btv
